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ABSTRACT

We study the thermal structure and evolution of magnetars as cooling neutron stars
with a phenomenological heat source in an internal layer. We focus on the effect of
magnetized (B > 10'* G) non-accreted and accreted outermost envelopes composed of dif-
ferent elements, from iron to hydrogen or helium. We discuss a combined effect of thermal
conduction and neutrino emission in the outer neutron star crust and calculate the cooling of
magnetars with a dipole magnetic field for various locations of the heat layer, heat rates and
magnetic field strengths. Combined effects of strong magnetic fields and light-element compo-
sition simplify the interpretation of magnetars in our model: these effects allow one to interpret
observations assuming less extreme (therefore, more realistic) heating. Massive magnetars,

with fast neutrino cooling in their cores, can have higher thermal surface luminosity.
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1 INTRODUCTION

We continue theoretical studies (Kaminker et al. 2006b, hereafter
Paper I; also see Kaminker et al. 2007) of persistent thermal activity
of magnetar candidates — compact X-ray sources which include soft
gamma repeaters (SGRs) and anomalous X-ray pulsars (AXPs). The
magnetars are thought to be warm, isolated, slowly rotating neu-
tron stars of age ¢ < 10° yr with superstrong magnetic fields B >
10" G (see e.g. Woods & Thompson 2006 for a review). Following
many authors (e.g. Colpi, Geppert & Page 2000; Thompson 2001;
Pons et al. 2007), we assume that the high level of magnetar X-ray
emission is supported by the release of the magnetic energy in their
interiors. Although this assumption is widespread, there are alter-
native models (e.g. Chatterjee, Hernquist & Narayan 2000; Alpar
2001; Thompson & Beloborodov 2005; Beloborodov & Thompson
2007, Ertan et al. 2007).

In Paper I, we studied the thermal evolution of magnetars as
cooling isolated neutron stars with a phenomenological heat source
in a spherical internal layer. We analysed the location and power
of the source and compared our calculations with observations of
SGRs and AXPs. We showed that the heat source should be located
at densities p < 4 x 10" gem™, and the heating rate should be
~10%" ergs™! to be consistent with the observational data and with
the energy budget of isolated neutron stars. A deeper location of
the heat source would be extremely inefficient to power the sur-
face photon emission, because the heat would be carried away by
neutrinos.

Here, we refine the model of the magnetar heat blanketing en-
velope. In this envelope, the effects of superstrong magnetic fields
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are especially important. We analyse the blanketing envelope con-
sisting not only of iron (Fe) but also of light elements (H or He)
which can be provided by accretion at the early stage of magnetar
evolution. Chemical composition and strong magnetic fields do af-
fect thermal conduction in the blanketing envelope and the thermal
structure of magnetars. In addition to the results of Paper I (and
those of Potekhin & Yakovlev 2001 and Potekhin et al. 2003), we
take into account neutrino energy losses in the outer crust of the
neutron star, which can also be important (Potekhin, Chabrier &
Yakovlev 2007).

2 OBSERVATIONS

For the observational basis, we take seven sources: three SGRs and
four AXPs listed in Table 1. We present their ages ¢, effective surface
temperatures 7° (redshifted for a distant observer) and redshifted
thermal luminosities L°. The estimates of spin-down ages ¢, black-
body (BB) effective surface temperatures 7';° and non-absorbed
thermal fluxes are taken from the SGR/AXP online Catalogue main-
tained by the McGill Pulsar Group.' All references in Table 1, except
for Rho & Petre 1997 and Tiengo, Esposito & Mereghetti 2008, are
taken from that Catalogue. We do not include SGR 1627—41, the
faint X-ray pulsar CXO J164710.2—455216 (e.g. Muno et al. 2006)
and the unconfirmed AXP candidate AX J1845.0—0258 (e.g. Tam
et al. 2006), because their ages ¢ are unknown (as well as the ther-
mal luminosity L° of SGR 1627—41). We also do not include two
AXPs, XTE J1810—197 and 1E 1048.1—5937. Their high pulsed
fractions (=40 per cent; e.g. Woods & Thompson 2006) indicate

Uhttp://www.physics.mcgill.ca/~pulsar/magnetar/main.html
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Table 1. Observational limits on ages ¢, effective surface temperatures 7'° and BB lumi-

nosities L° of magnetars.

N  Source t T IlgLy References®
(ky (MK (ergs™h)
1 SGR 1806—20 022 75408 35.1+04 MO00, M05
2 SGR 1900+14 1.1 5.0+0.6 349405 wol
3 1E 1841-045 20 51402 35.15+£0.15  VG97, M03
4 SGR 0526—66 509 62407 348404 K03
5 CXOUJ010043.1-721134 6.8 3.5+0.2° 35.4£0.2¢ T08
6 1IRXS J170849.0—400910 9.0 53+0.1 34.64+0.1 RO5
7 1E2259+586 19¢ 4774005 3444029  RP97, W04

“Ages of SNRs (see the text for references).

bThe soft component of the double BB spectral model (see the text for details).
“Total BB luminosity of both components of the double spectral model.
4From equation (1) with D = 3.0 £ 0.5 kpc, the flux fyx in the 2-10 keV energy band,

and ax ~ 3.8.

°MO00 — Mereghetti et al. (2000), MO5 — Mereghetti et al. (2005), W01 — Woods et al.
(2001), VG97 — Vasisht & Gotthelf (1997), M03 — Morii et al. (2003), KO3 — Kulkarni
et al. (2003), TO8 — Tiengo et al. (2008), RO5 — Rea et al. (2005), RP97 — Rho & Petre

(1997), W04 — Woods et al. (2004).
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Figure 1. Observational magnetar box (the shaded rectangle) of BB lumi-
nosity limits, L° (see the text and Table 1), of seven magnetars, supple-
mented by observational limits on L{° for 11 isolated neutron stars (marked
by asterisks). The data are compared with theoretical cooling curves L°(r)
for a 1.1 M neutron star with the dipole magnetic field By, =5 x 10 G
(at the magnetic poles) and no internal heating, either without superfluidity
(the solid line) or with strong proton superfluidity in the core (the dashed
line SF).

that their flux comes from a small fraction of the surface, incompat-
ible with the model considered here. In addition, we have excluded
the AXP 4U 01424-61 whose observed thermal emission can be
attributed to a circumstellar dusty disc, rather than to a neutron star
surface (Durant & Kerkwijk 2006).

In Fig. 1, we plot the BB surface luminosity L° of the selected
sources versus their ages. The current data are uncertain and our
cooling models are too simplified to explain every source by its
own cooling model. Instead, we will interpret magnetars as cooling
neutron stars belonging to the ‘magnetar box’, the shaded rectangle
in Fig. 1 (which reflects an average persistent thermal emission from
magnetars, excluding bursting states).

The thermal luminosity limits L° can be obtained as
LY = 471D? fyxox. (1

Here, fux is a non-absorbed thermal flux detected from a source (in
a certain E,—E, X-ray energy band), D is a distance to the source
and

s 2 dxx3 -
=55 |, s ) ”

1

is the bolometric correction, with x,, = E,/kgT. In particular,
for the 2—-10 keV band, we have ax ~ 2— 4. Thermal fluxes fux
should be inferred from observations with account for the fractions
BB/(PL+BB) of the blackbody (BB) components in the appropri-
ate power law plus blackbody (PL+BB) spectral fits (references
are listed in Table 1). The same fits provide the effective surface
temperatures 7J° and the apparent radii Ry of emitting regions.
The radii are defined in such a way that

LY =4mo (R (1), 3)

where o is the Stefan—Boltzmann constant. The radii R} are typ-
ically smaller than the expected neutron star radii indicating that
thermal emission can originate from some fraction of a neutron star
surface. For instance, R3; ~ 2.4 and 5.5 km, for SGR 1806—20
and 1E 1841—045, respectively. Although the actual surface tem-
perature may strongly vary within the emission region, spectral fits
give a single (averaged over the emission region) 72° value. The
luminosities L° in Table 1 and Fig. 1 are mainly obtained from
equation (3) using the values of T3° and R} presented in cited
papers.

CXOU J010043.1—721134 is the only source from our collec-
tion, whose cumulative spectrum cannot be fit with a power law
plus BB model (Tiengo et al. 2008). Tiengo et al. (2008) fitted
it by a sum of two BB components. The BB temperature of the
softer component is given in Table 1. The radius of the correspond-
ing emission region, R$, = 12.177} km, is comparable with the
theoretical neutron star radius, although the pulsed fraction in the
0.2-6 keV energy range is rather high, 32 & 3 per cent. The harder
component corresponds to 7% = 7.897:% MK and R$%, = 17158
km, meaning probably a hotspot on the neutron star surface. We
define the thermal luminosity L{° of this source as a sum of thermal
luminosities of both BB components.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 395, 2257-2267



Radiation from five of the seven selected sources has the over-
all pulsed fraction <20 per cent; the pulsed fraction for three of
them is <10 per cent (e.g. Woods & Thompson 2006). This in-
dicates that the thermal radiation can be emitted from a substan-
tial part of the surface (although the pulsed fraction is lowered
by the gravitational bending of light rays; e.g. Pavlov & Zavlin
2000 and references therein). Two other magnetars from Table 1,
CXOU J010043.1-721134 and AXP 1RXS J170849.0—400910,
have pulse fraction <40 per cent in the 0.5-2.0 keV band (e.g. Rea
et al. 2005).

The majority of magnetar ages listed in Table 1 are characteristic
spin-down ages. For three sources, we adopt the ages of their host
supernova remnants (SNRs): # ~ 5 kyr for SGR 0526—66 in SNR
N49 (Kulkarni et al. 2003; also see Vancura et al. 1992); t ~ 2 kyr
for 1E 1841—45 in SNR Kes 73 (Vasisht & Gotthelf 1997) and ¢ ~
19 kyr for 1E 22594586 in SNR CTB 109 (Rho & Petre 1997). To
specify the left and right boundaries of the magnetar box in Fig. 1,
we introduce, somewhat arbitrarily, the uncertainties by a factor of
2 into the ages .

In our previous work, we have compared simulations of magnetar
cooling with the data on the effective surface temperature 7'5°. Here,
in contrast, we use the data on L{°, which seem more robust. Note
that explaining the data either on T3° or on LZ° with our cooling
models is not entirely self-consistent. According to observations
of all sources, but CXOU J010043.1-721134, thermal emission
originates from some fraction of the magnetar surface while our
cooling models give thermal radiation from a large fraction of the
surface.

If we regarded (like in Paper I) the temperatures 73° given by
spectral fits (see Table 1) as surface-averaged effective temperatures
and calculated L° using equation (3) with values of Rgj realistic
for neutron stars, we would obtain notably larger L° than those
provided by the observations (the magnetar box would raise in
Fig. 1). On the contrary, matching the theory with the data on LZ°
(as in this paper) gives lower surface-averaged temperatures 7J°
than the temperatures inferred from spectral fits.

We expect that the theory will be improved in the future by
constructing more advanced models of magnetars — for instance,
with highly non-uniform sources of internal energy release. On
the other hand, current interpretation of magnetar observations is
far from being perfect. It would be a challenge to construct new
models of thermal radiation from strongly magnetized neutron stars
and use them (rather than BB models) to interpret the data. In this
case, by analogy with employing hydrogen atmosphere models for
describing thermal radiation from ordinary neutron stars, we expect
to get higher Rgp (closer to the real neutron star radius) and lower
T°. Moreover, thermal radiation emitted from a magnetar surface
can be strongly distorted by magnetospheric effects (e.g. Lyutikov
& Gavriil 2006; Rea et al. 2008). This can greatly complicate the
problem of inferring 73° and L from the data.

Fig. 1 shows also observational limits L° for 11 ordinary isolated
neutron stars. The data are taken from table 1 of Kaminker et al.
(2006a) with a few changes described by Yakovlev et al. (2008).
Following Slane et al. (2008) and Shibanov et al. (2008), we have
enlarged the age range of the pulsar J0205+6449 (in the SNR 3C
58) to its characteristic age of 5.4 kyr. We have excluded one young
and warm source, 1E 1207.4—5209, because of the problems of
interpretation of its spectrum. We use the results of Ho et al. (2007)
for the neutron star RX J1856.5—3754. The authors employed the
magnetic hydrogen atmosphere model and obtained 7° = (4.34 &
0.02) x 10° K and the apparent neutron star radius R® ~ 17 km
(at the 68 per cent confidence level for the fixed distance
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D = 140 pc). Taking into account a large scatter of distance
estimates for RX J1856.5—3754 (Walter & Lattimer 2002; van
Kerkwijk & Kaplan 2007), we have added 10 per cent error bars to
the latter values of T'3°.

Fig. 1 shows two typical cooling curves L (¢) for a low-mass
neutron star (M = 1.1 M) without internal heating and with a
strong dipole magnetic field (B, = 5 x 10" G at the magnetic
poles). The solid line is for a non-superfluid star, while the dashed
line SF assumes a strong proton superfluidity in the stellar core. This
superfluidity suppresses neutrino emission in the core and thereby
increases LS at the neutrino cooling stage (e.g. Yakovlev & Pethick
2004).

Let us stress that the surface temperature of these stars is highly
non-uniform; the magnetic poles are much hotter than the equator. In
all figures, we plot the total bolometric luminosity produced by the
flux integrated over the stellar surface (e.g. Potekhin et al. 2003).
The observations of ordinary neutron stars can be explained by
the cooling theory without any reheating (e.g. Yakovlev & Pethick
2004; Yakovlev et al. 2008). The magnetars are much hotter (more
luminous) than the ordinary cooling neutron stars; their observations
imply that they have additional heat sources. As in Paper I, we
assume that these sources are located inside magnetars.

3 PHYSICS INPUT

We have performed calculations with our cooling code (Gnedin,
Yakovlev & Potekhin 2001), which simulates the thermal evolution
of an initially hot star via neutrino emission from the entire stellar
body and via heat conduction to the surface and thermal photon
emission from the surface. To facilitate calculations, the star is di-
vided into the bulk interior and a thin outer heat blanketing envelope
(e.g. Gudmundsson, Pethick & Epstein 1983) which extends from
the surface to the layer of the density p = p, ~ 10'° — 10" gcm™3;
its thickness is a few hundred meters.

In the bulk interior (p > py), the code solves the full set of thermal
evolution equations in the spherically symmetric approximation.
The standard version of the code neglects the effects of magnetic
fields on thermal conduction and neutrino emission. In this version,
we have included neutrino-pair electron synchrotron radiation in a
magnetic field B, that was neglected in Paper L.

In the blanketing envelope, the updated version of the code (see
Potekhin et al. 2007 for details) uses a solution of stationary one-
dimensional equations of hydrostatic equilibrium and thermal struc-
ture with radial heat transport, anisotropic temperature distribution
and a dipole magnetic field (Ginzburg & Ozernoi 1964). It takes
into account neutrino emission and possible heat sources in the en-
velope. The solution, applied to different parts of the envelope with
locally constant magnetic fields, yields temperature profiles slowly
varying from one part to another. For a given T = T, at p = py,
we calculate the thermal flux emergent from different parts of the
surface. Integrating it over the surface, we obtain the total photon
luminosity L, = 47to R*T*#, where T is the effective temperature
properly averaged over the stellar surface and R is the circumferen-
tial neutron star radius. Redshifting then for a distant observer, we
have T® =T, /1 —ry/Rand L =(1 —ry/R) L(ry = 2GM/c?
being the Schwarzschild radius).

In the present calculations, we set either p, = 4 x 10'' gcm™
or (in the majority of cases) pp, = 10'°gcm™ (see Section 4).
We consider blanketing envelopes composed of ground-state or
accreted matter. For the ground-state matter, the composition is
iron up to p = 10® gecm™ and heavier elements (e.g. Haensel,
Potekhin & Yakovlev 2007) at higher p (it will be called the Fe

3
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composition). As an alternative, we have studied fully accreted en-
velopes composed successively of H, He, C, O up to maximum p
and 7, where these elements can survive against pycno- or ther-
monuclear burning, and then the Fe composition (we use the same
structure of the accreted envelope as in Potekhin et al. 2003). We
have also considered accreted envelope models with H replaced by
He, but found no significant difference.

An anisotropy of heat conduction, produced by strong mag-
netic fields, essentially modifies the temperature distribution in the
blanketing envelope (which is included in our calculations). The
anisotropy of heat conduction can also create anisotropic temper-
ature distribution at p > py, particularly, in the inner crust (that
is not included in our code). Such situations should be simu-
lated with a two-dimensional cooling code, as has been done by
Geppert, Kiiker & Page (2004, 2006), Pérez-Azorin, Mirrales &
Pons (2006) (for stationary cases) and most recently by Aguilera,
Pons & Miralles (2008a,b), Aguilera et al. (2009) and Pons,
Miralles & Geppert (2009). The effect strongly depends on the
values of thermal conductivity across the magnetic field. If one re-
stricts oneself to the thermal conductivity of strongly degenerate
electrons, the anisotropy of heat conduction (the ratio of thermal
conductivities along and across the field) in a deep and not very hot
magnetized crust can be huge (because of the strong magnetization
of electrons which are mainly moving along magnetic field lines).
However, in a hot crust (with increasing temperature) the electron
magnetization and heat conduction anisotropy weaken. Moreover,
the conductivity of phonons (lattice vibrations of Coulomb crystals
of atomic nuclei; Chugunov & Haensel 2007) and vibrations of su-
perfluid neutron liquid (superfluid phonons; Aguilera et al. 2009) in
the inner crust can be much larger than the electron thermal conduc-
tivity across the field lines, washing out the temperature anisotropy
and producing a nearly isotropic temperature distribution in the
deep crust (although the electron conduction still dominates along
field lines). This tendency is quite visible in recent calculations
of Aguilera et al. (2009) and Pons et al. (2009) and justifies our
approach.

At Ty 2 10° K, the neutrino emission affects the thermal struc-
ture of the star. We calculate the neutrino emission in the crust (in
the blanketing envelope and deeper) taking into account electron—
positron pair annihilation, plasmon decay, neutrino bremsstrahlung
in collisions of electrons with atomic nuclei and synchrotron radia-
tion of neutrino pairs by electrons (e.g. Yakovlev et al. 2001). The
pair annihilation is relatively unimportant and can be neglected.
Very strong magnetic fields in the outer crust of magnetars can
modify the plasmon decay and bremsstrahlung neutrino processes.
Such modifications have not been studied in detail; they can be im-
portant for the magnetar physics but are neglected here. Evidently,
the synchrotron emission does depend on the magnetic field, which
we take into account explicitly; it is important at B ~ 10'%—10'3
G (cf. Potekhin et al. 2007).

Following Paper I, we introduce an internal phenomenological
heat source located in a spherical layer, p; < p < p». The heat rate
H (ergcm™ s7') is taken in the form

H = Hy O(p) exp(—t/1), C))]

where H| is the maximum heat intensity, ® ~ 1 in a density interval
p1 < p < ps, and O vanishes outside this interval (at p < p; or
p > pa), tis the star’s age and 7 is the e-folding decay time of the
heat release. An exact shape of ®(p) is unimportant for 7', provided
that we fix the total heat power

W>(t) = /dV e’ H, Q)

T
- Va\)

T [10° K]

ol L b Ly
6 7 8 9 10 11

lgp [g cm™?]

Figure 2. Temperature profiles along the magnetic axis of the neutron star
with M = 1.4Mg, B = 10 G, Hy = 3 x 10¥ergem 357!, and two
forms of the heat source profile, shown in the inset: smooth (solid lines) and
piecewise constant (dot—dashed lines).

Table 2. Five positions of the heat layer, and the
heat power W for the 1.4 M star with Hog =3 x
100 ergem 3 s~ and r = 1 kyr.

No. pi(gem™)  pa(gem™) W™ (ergs™)
I 3 x 1010 10! 4.0 x 10%7
11 1012 3 x 10'2 1.9 x 10%7
111 3 x 1013 104 1.1 x 1038
v 2 x 10%0 6 x 100 3.3 x 1077
\Y 101 3 x 101 4.3 x 10%7

where dV is a proper volume element and & is the metric function
that describes gravitational redshift. An illustration of this indepen-
dence is given in Fig. 2, which displays temperature distributions
in the crust for two different shapes of ®(p). We see that a change
of a shape of ®(p) leaves almost intact the thermal structure at
p < p; (and, therefore, it cannot affect thermal radiation).

According to Paper I, only the values T ~ 10*-~103 yr can be con-
sistent with the magnetar box (Section 2). Longer t would require
too much energy (Section 5). In this paper, we take T = 5 x 10* yr.

We employ the same equation of state (EOS) in the neutron star
core as in Paper L. It is the model denoted as APR III by Gusakov
et al. (2005); it is based on the EOS of Akmal, Pandharipande
& Ravenhall (1998). According to this EOS, the core consists of
nucleons, electrons and muons. The maximum neutron star mass
is M = 1.929 M. The powerful direct Urca process of neutrino
emission (Lattimer et al. 1991) is allowed only in the central kernels
of neutron stars with M > 1.685Mc, (at densities p > 1.275 x
10" gem™3).

We use two neutron star models, with M = 1.4 and 1.9 M. The
former is an example of a star with the standard (not too strong)
neutrino emission in the core (the modified Urca process in a non-
superfluid star). In this case, R = 12.27 km and the central density
is po = 9.280 x 10" gcm™3. The latter model (R = 10.95km,
pe=2.050 x 10" gcm™3) gives an example of a star whose neutrino
emission is enhanced by the direct Urca process in the inner core.

Five examples of heat layer locations, p1, o, are given in Table 2.
Three of them (I, II and III) were used in Paper I. Let us remind

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 395, 2257-2267
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Figure 3. Temperature 7'(p) and radial thermal flux F(p) profiles in lo-
cal parts of the outer crust of the 1.4Mg neutron star (Fe envelope;
pp = 4 x 1011 gcm’3 and fixed T, = 10° K) with a locally uniform
magnetic field B = 10" G directed at two angles 6 to the surface normal,
0p = 0° (thin lines) or 5 = 75° (thick lines). The position of the heat
layer (I in Table 2) is indicated by the shaded strips, the heat intensity is
Ho = 3 x 102 erg em 3571, solid lines — accurate calculations, long-
dashed lines — magnetic field is off at p > 10'® gem™3 and short-dashed
lines — no heating, H( = 0. Top panel: entire temperature profiles at p < pp,
the filled dots show the radiative surface (optical depth equals 2/3). Bot-
tom panels: T(p) in units of 10° K (left-hand panel) and F(p) in units of
10?3 erg cm~2 s~! (right-hand panel) in the vicinity of the heat layer.

that the outer crust has a thickness of a few hundred meters and
a mass of ~107° M@; the inner crust can be as thick as ~1 km
and its mass is ~1072 Mg, while the core has radius ~10 km and
contains ~ 99 per cent of the stellar mass. All five heat layers are
relatively thin. The layers I, IV and V are located in the outer crust;
the layers II and III are at the top and bottom of the inner crust,
respectively. For illustration, in Table 2 we present also the heat
power W calculated from equation (5) for the five layers in the
1.4Mg star of age £ = 1000 yrat Ho =3 x 10® ergem™>s7'.

4 THERMAL STRUCTURE OF HEAT
BLANKETING ENVELOPES

Fig. 3 shows the temperature and radial thermal flux profiles in local
parts of the heat blanketing Fe envelope (o < p, =4 x 10" gem™3,
Ty, = 10° K) of the 1.4 M, star with alocally uniform magnetic field
B = 10" G directed at two angles to the surface normal, 6 = 0°
and 75°. One can compare the thermal structure of the blanketing
envelope without heating (short-dashed lines; e.g. Potekhin et al.
2003, 2007) and with the heat source (solid lines) of the intensity
Hy =3 x 10®ergecm™3 s™!, located in layer I (Table 2).
Long-dashed lines in Fig. 3 are obtained by solving the full set
of one-dimensional equations for the blanketing envelope (Potekhin
etal. 2007) including the heat source but with the magnetic field arti-
ficially switched off at p > 10'° g cm=3. These calculations simulate
the model used in Paper I, where a strongly magnetized blanket-
ing envelope with pp, = 10'"gcm™ was matched to the interior,
in which the magnetic field effects were ignored. We see that at
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different 0 the long-dashed T'(p) curves only slightly differ from
the solid ones. Such a difference is more pronounced near the heat
layer (the bottom left panel) but becomes invisible at lower p. We
have obtained a significant difference only in a narrow range of field
directions 65 ~ 90°. However, in these cases the one-dimensional
(radial) model becomes a poor approximation. The curvature of
magnetic field lines in a more realistic model should increase the
surface temperature in a narrow equatorial zone of width <v/Rh
(along the surface), where £ is the thickness of the heat blanketing
envelope (Potekhin et al. 2007). An additional increase of the sur-
face temperature in the above region can be provided by ion heat
conduction (Chugunov & Haensel 2007). The temperature rise will
reduce the indicated difference between the solid and long-dashed
lines.

We have obtained similar results for local radial heat flux F(p)
shown in the bottom-right panel of Fig. 3. The flux changes its sign
inside the heat layer. The flux at p > 10" gcm™ flows into the stel-
lar interior, where the heat is radiated away by neutrinos (Paper I).
The solid and long-dashed curves F(p) are also indistinguishable
at p < 109 gem™3. Calculations show that the convergence of two
types of the curves is violated only at B > 10'® G.

We have verified that our calculations for the blanketing envelope
with p, = 4 x 10" gem™ (including the heat layer) properly
match those with pp, = 10" gcm™3 (with the same heat layer being
outside the blanketing envelope). These results justify the choice
of the blanketing envelope with p, = 10'°gcm™ in our further
calculations (at least with B < 10 G).

Fig. 4 shows the average surface temperature 7 of the M =
1.4Mg star versus T,. We assume a dipole magnetic field with
B, = 10", 10" and 10'® at the magnetic poles. We consider our
Fe and accreted envelopes as well as an accreted envelope with all
hydrogen replaced by helium. One can see an appreciable increase
of T with the growth of B, above 10'* G because of the cumulative
thermal conductivity enhancement. The most significant effect of
the accreted envelopes is a systematic increase of T at any T}
with respect to the Fe envelope. The effect has been studied earlier
(Potekhin, Chabrier & Yakovlev 1997; Potekhin & Yakovlev 2001;
Potekhin et al. 2003). Here, we have verified that it is important
for all magnetic fields B, of our interest; it results from the thermal
conductivity enhancement in large areas of the accreted envelope
near the magnetic poles. More details on the 7', —T , relation for Fe
envelopes are given in the appendix.

The right-hand panel in Fig. 4 shows that replacing hydrogen
by helium in the accreted envelope at T, 2> 10® K does not affect
T. The insensitivity of T to this replacement for non-magnetized
neutron stars is known (Potekhin et al. 1997). Here, we have checked
this property for magnetars. Only at B, > 10'* G and relatively
low temperatures T, < 10% K the surface temperature T’ for the He
envelope goes slightly higher. Generally, such an effect is unusual
for ions with higher Z, which are better scatterer of electrons (cf.
Potekhin et al. 1997, 2003). Howeyver, it occurs in the superstrong
field because of deeper localization of the radiative surface for the
He envelope, as a result of a lower energy plasma-frequency cut-off
in the Rosseland opacity (Potekhin et al. 2003) for smaller Z/A.
Anyway, at T, > 10® K replacing hydrogen by helium does not
affect the thermal insulation of the blanketing envelope.

Also, Fig. 4 shows the effects of neutrino emission in the blanket-
ing envelopes of different composition at T, > 10° K. One can see
that the neutrino emission limits the growth of Ty with increasing
Ty, (cf. Potekhin et al. 2007).

Fig. 5 shows the dependence of T on T}, for the 1.4 and
1.9 M, stars with Fe and accreted envelopes. In a wide range of
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Figure 4. Surface temperature 7', averaged over the surface of the M = 1.4 M neutron star, as a function of T}, for the blanketing envelope with p, =
10" gcm=3. Three families of curves 12, 15 and 16 correspond to the dipole magnetic fields with B, = 102, 10" and 10'® G, respectively. Left-hand panel:
solid and dashed lines refer to the Fe and accreted envelopes and dotted lines are for the Fe envelopes neglecting neutrino emission. Right-hand panel: dashed
lines — standard accreted envelopes; dash-and-dot lines ‘acc (He)’ — the accreted envelopes with hydrogen replaced by helium and dotted lines — standard
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Figure5. Average surface temperature T’ as a function of T, for the 1.4 M
(thick lines) and 1.9 M, (thin lines) stars, solid and dashed lines refer to the
same envelopes as in Fig. 4 and labels 12 and 16 refer to the field strengths
B, = 10'2 and 10'° G.

magnetic fields, we obtain systematically higher surface tempera-
tures T (at the same T',) for the massive star as a result of smaller
radius (see Section 3) and thinner blanketing envelope (AR, =
R — R, ~ 170 m for M = 1.4Mg versus AR, ~ 70 m for
M = 1.9Mp). At a given Ty, the surface temperature scales ap-
proximately as T o« g'/4, where ¢ & GM/(R*\/1—ry/R) is
the surface gravity (e.g. Ventura & Potekhin 2001 and references
therein).

5 COMPARISON WITH OBSERVATIONS

A warm cooling neutron star with a powerful internal heating (Sec-
tion 3) quickly (in 7 < 10 yr) reaches a quasi-stationary state reg-
ulated by the heat source. The energy is mainly carried away by
neutrinos, but some fraction is transported by thermal conduction

to the surface and radiated away by photons; the stellar interior stays
highly non-isothermal. A thermal state of the heat source and outer
layers is almost independent of the physics of deeper layers. This
means the thermal decoupling of the heat source and outer layers
from the deeper layers.

In general (Paper I), heating a warm neutron star from the core
or the inner crust is inefficient for raising 7's. With the increase
of the heat power, T saturates because of the neutrino emission.
Similar saturation of 7' by the neutrino emission was analysed by
Van Riper (1991) who studied thermal response of a neutron star to
a steady-state heating. In Paper I, we concluded that the heat source
should be located in the outer crust in order to heat the surface and
be consistent with the neutron star energy budget.

Fig. 6 is similar to fig. 2 of Paper I. It is a reference figure for
subsequent Figs 7-9. The left-hand panel of Fig. 6 shows the temper-
ature profiles T';(p) inside the 1.4 M, star of age ¢ = 1000 yr with
the dipole magnetic field (B, =5 x 10'* G). Here, Ti(p) = T(p)e®
is the internal temperature redshifted for a distant observer, while
T (p) is the local temperature at a given p. It is 7; that is constant
throughout thermally relaxed (isothermal) regions of the star in
general relativity. The same temperature 7';(p) has been plotted in
Paper I and in Kaminker et al. (2007) [denoted there as T'(p)]. We
consider three locations of the heat layer (I, II and III in Table 2)
and two intensities, Hy =3 x 10" and 3 x 10® ergcm > s~!. In all
the cases, the stellar core is colder than the crust, because of intense
neutrino cooling in the core. Pushing the heat source deeper into the
crust, we obtain a colder surface because of more efficient neutrino
cooling.

The right-hand panel of Fig. 6 shows cooling curves. Nearly,
horizontal parts of the curves at t < 7 =35 x 10* yr (Section 3) and
their later sharp drops confirm that the surface thermal luminosity is
solely maintained by internal heating. The initial parts (z < 100 yr)
of two cooling curves for the heat layers II and III (at Hy ~ 3 X
10" ergem™3 s7!) demonstrate the end of the relaxation to quasi-
stationary thermal states. We can reconcile the cooling curves at
lower heat intensity with more luminous sources in the magnetar
box by placing the heat source in the outer crust. To minimize the
energy consumption (see below), we employ the outer heat layer I
in Figs 7 and 8 and the layers I, IV and V in Fig. 9.
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Figure 6. Left-hand panel: temperature dependence T'i(p) in the 1.4 M neutron star of age ¢ = 1000 yr with three different positions I, Il and III (Table 2)
of the heat layer (hatched rectangles) and two levels of the heat intensity Hy = 3 x 10" and 3 x 10%° ergem =3 s~! for the Fe blanketing envelope and the
dipole magnetic field with B, =5 x 10'* G at the poles. In the upper part, we indicate the density regions appropriate to the outer crust, inner crust and the
core of the star. Right-hand panel: cooling curves in comparison with the magnetar box.
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respectively. Right-hand panel: cooling curves for these models.
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Figure 9. The effects of thermal conduction in the outer crust on the thermal evolution of the 1.4 M, star with the same magnetic field as in Fig. 6 at
Ho=3 x 10 ergcm™3s~!. Left-hand panel: temperature profiles in the star at # = 1000 yr. The hatched rectangles show the positions of the heat layers I, IV
and V and the layer (labelled as «¢ff = «/10), where the thermal conductivity is modified (see the text). Solid line is the same as in Fig. 6, thick short-dashed,
long-dashed and dot—dashed lines are for the thermal conductivity reduced by a factor of 10 and for the heat layers IV, I and V, respectively, and thin dashed
line is for the thermal conductivity enhanced by a factor of 10% and the heat layer I. Right-hand panel: cooling curves in comparison with the magnetar box.

The left-hand panel in Fig. 7 shows the temperature profiles 7';(p)
inside the 1.4 M star of the age ¢ = 1000 yr with the heat source in
layer I calculated for both the Fe and accreted blanketing envelopes.
For comparison, we take three levels of the heat intensity, Hy =
3 x 10" (thin lines), Hy = 3 x 10" (intermediate lines) and
3 x 10%ergem3s7! (thick lines), and two magnetic fields
(B, = 10" and 10" G). The right-hand panel in Fig. 7 demon-
strates the appropriate cooling curves.

Under the heat blanketing envelope (at p > py), we take into ac-
count the magnetic field effects only by including the synchrotron
neutrino radiation and (indirectly) the heat source that can be pro-
vided by magnetic fields. The synchrotron emissivity is calculated
by putting B = B,. The neutrino synchrotron process in superstrong
magnetic fields (10'~10"> G) lowers the temperature profiles in the
stellar interior; this effect is more pronounced for stronger fields (cf.
solid lines for B, = 10'* and dot-dashed lines for B, = 10" G in
the left-hand panel of Fig. 7). The accreted matter in the blanketing
envelope also reduces the temperature at p < 10'' gcm 3 because
of higher heat transparency of the accreted envelope (higher heat
flux to the surface).

Fig. 7 demonstrates that L° is mainly regulated by the blanketing
envelope. The combined effect of a superstrong magnetic field and
an accreted envelope appreciably increases LJ° (also see Fig. 4).
The stronger heating (Hy = 3 x 10® ergem™3s7!) at B, = 10
G produces too warm magnetar envelope for any composition and
gives larger L than required by the magnetar box. In a lower
field, B, = 10" G, the accreted envelope is also too warm but the
Fe envelope is cooler and better consistent with the magnetar box.
The weaker (intermediate) source (Hy = 3 x 10" ergem™3s71)
also overheats the accreted envelopes at both B, = 10'% and 10'* G
(intermediate short- and long-dashed lines); in this case, the cooling
curves for Fe envelopes better match the data. However, only the
weakest chosen heat intensity (Hy = 3 x 10'%ergecm3s7!) is
capable to cover the lower part of the magnetar box.

Fig. 8 shows even more pronounced effects of the magnetar mag-
netic fields and accreted envelopes for the 1.9 M star with two
levels of heat intensities in the layer 1. The left-hand panel gives
the temperature profiles T;(p) at p > pp, = 10" gcm ™. They are
notably lower than the corresponding profiles in the 1.4 M, star (be-

cause of the direct Urca process that operates in the inner core of the
massive star). However, in the case of Hy =3 x 10® ergcm ™3 s7!
the effect of the magnetized accreted envelope overrides that of the
rapid neutrino cooling of the massive core (owing to thermal de-
coupling of the surface from the core). Comparing the right-hand
panels of Figs 7 and 8, we see that at Hy = 3 x 10® ergecm ™3 s7!
and t <5 x 10* yr the thermal luminosity of the heavier 1.9 M¢
star is higher than that of the 1.4 Mg star (because of higher T;
see Fig. 5), making the heavier star too hot. As discussed in Paper I,
an intense heating in the outer crust of a massive star can outweigh
fast neutrino cooling in the inner core. This effect is very unusual
for ordinary cooling stars where massive stars are commonly colder
than low-mass ones (e.g. Yakovlev & Pethick 2004).

In contrast, the effects of fast neutrino cooling in magnetars are
more essential at Hy =3 x 10" ergcm™>s~!. Tuning Hy ~ (1 —
3) x 10" ergcm™3 s™! and the chemical composition of the blan-
keting envelope, we can reasonably well explain the magnetar box.

Note that the lowest heat intensity Ho = 3 x 10" ergcm™3 57!
taken in Fig. 8 is 10 times larger than the lowest heat intensity H, =
3 x 10" ergem™ s~ taken in Fig. 7, but the corresponding cooling
curves do not strongly differ.

Earlier, we (Kaminker et al. 2007) have shown that strong vari-
ations of the thermal conductivity in the inner crust for the case of
intense heating in layer I have no effect on the surface luminos-
ity. Fig. 9 demonstrates the sensitivity of the thermal structure (the
left-hand panel) and cooling curves (the right-hand panel) to arti-
ficial variations of the thermal conductivity in the outer crust. The
left-hand panel shows temperature profiles in the 1.4 M 1000 yr
old star with the dipole magnetic field (B, = 5 x 10'* G) for three
locations of the heat layer (cases I, IV and V in Table 2) at Hy =
3 x 10% erg cm 3 s7!; the right-hand panel gives respective cooling
curves. The thick solid lines are the same as in Fig. 6. Other lines
are calculated with the thermal conductivity modified in the density
range 1.1 x 10! < p <4 x 10" gem™ (the range is marked in
the left-hand panel of Fig. 9 by a dot-hatched rectangle).

Thick dashed and dot—dashed lines are calculated with the ther-
mal conductivity reduced by a factor of 10 (k¢ = «/10). They
illustrate a possible suppression of radial heat conduction (e.g. by
a strong toroidal magnetic field in the outer crust). For the heat
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layers I (long-dashed lines) and IV (short-dashed lines) located
closer to the bottom of the blanketing envelope, the conductivity
reduction results in a sharper temperature drop inside the crust and
in a cooler interior, with the tendency to the isothermal state. Taking
the heat region V (thick dot—dashed lines), shifted to the inner edge
of the layer with the reduced conductivity, we obtain qualitatively
the same behaviour of T';(p), as in the cases Il and Il in Fig. 6. The
thermal energy easier flows inside the star than in the case I with
normal conduction (solid lines).

On the contrary, the enhanced thermal conductivity (thin dashed
lines) produces a wide quasi-isothermal layer in the outer crust (the
left-hand panel of Fig. 9) and a photon surface luminosity (the right-
hand panel) that is nearly the same as for the normal conductivity
(the thick solid line). In other words, L°(¢) is slightly sensitive to
a conductivity increase. Comparing the right-hand panels of Figs 9
and 7 (thick lines), we conclude that a conductivity increase at p >
Pyp is incapable to rise L°, while an increase at p < p;, can rise it.

Finally, let us discuss briefly the energy budget of magnetars.
Following Paper I, we assume that the maximum energy of the in-
ternal heating is Ema ~ 10% erg (which is the magnetic energy
of the star with B ~ 3 x 10'® G in the core). Then, the maxi-
mum persistent energy generation rate is Wy ~ Ena/T ~ 3 X
10" ergs ~'. For example, let us take an 1.4 M neutron star of
age t < t with the heat source in layer I. For an intense heating
with Hy ~ 3 x 10®ergecm™3s~!, we obtain W® ~ W,,,, (and,
therefore, Hy cannot be larger). For a less intense heating with
Hy ~ 3 x 10 ergecm™3s7!, we have a more relaxed condition
W ~ 0.1 Wax (which would leave some energy for bursting ac-
tivity of magnetars).

It follows from Figs 6-9 that the heating should be sufficiently in-
tense to keep L° on the magnetar values (~ 10* erg s~!). However,
for realistic magnetic fields B ~ (2 — 10) x 10'* G, the maximum al-
lowable heat intensity Hy ~ 3 x 10%° ergcm = s~! and accreted en-
velopes, we have the thermal surface luminosity L ~ 103 ergs~!,
notably higher than the luminosity of magnetars (Fig. 7). For Fe
envelopes and the same heat intensity, we obtain LY 2 3 x
10% ergs™', consistent with the upper part of the magnetar box but
giving the stringent energy budget (W ~ W ). Using a weaker
heat intensity Hy ~ 3 x 10" ergcm = s~! and accreted envelopes,
we obtain still greater thermal luminosity L > 4 x 10% ergs~!,
which is too high for the magnetar box but provides a reasonable
energy budget.

Finally, varying weaker heating rate Hy < 10" ergem™3 s~! and
the chemical composition of the blanketing envelope (Fig. 7) we
have the luminosity L ~ 10% ergs™, that is consistent with the
magnetar box.

Accordingly, the presence of accreted envelopes simplifies the
explanation of magnetars as cooling neutron stars (in our model).
Our results show that we can reconcile the theory with observations
assuming the accreted envelopes and lower heat intensities, Hy ~
10" ergcm™3 s™!. Note that in all the cases the efficiency of heat
conversion into the thermal radiation, L°/W*, is low but the ac-
creted envelopes increase it. For instance, assuming Hy ~ 3 X
10" ergcm™3 s~! we have L>/W> ~ 0.01 for Fe envelopes and
L /W™ ~ 0.1 for accreted ones.

3 1

6 CONCLUSIONS

We have analysed the hypothesis that magnetars are isolated neu-
tron stars with B > 10'* G, heated by a source localized in an
internal layer. We have modelled the thermal evolution of magne-
tars, taking into account that their heat blanketing envelopes can be
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composed of light elements. Such envelopes can appear either due
to a fallback accretion after a supernova explosion (e.g. Chevalier
1989, 1996; Chang, Arras & Bildsten 2004), probably with subse-
quent nuclear spallation reactions (Bildsten, Salpeter & Wasserman
1992), or due to later and more prolonged accretion from a fossil disc
(e.g. Chatterjee, Hernquist & Narayan 2000; Wang, Chakrabarty &
Kaplan 2006; Ertan et al. 2007; Romanova, Kulkarni & Lovelace
2008) or from the interstellar medium (e.g. Nelson, Salpeter &
Wasserman 1993; Morley 1996).

Compared to Paper I, we have (i) included the effects of ac-
creted envelopes and (ii) changed the strategy of reconciling the
theory with observations. We rely now on observational limits of
quasi-persistent thermal luminosities of magnetars; this lowers the
magnetar box (Section 2) and relaxes theoretical constraints on the
properties of internal heat sources.

The main conclusions are as follows.

(1) The presence of light elements in the outer envelope of a
magnetized neutron star can significantly increase the thermal con-
ductivity and the thermal stellar luminosity LZ° (for a given tem-
perature 7', at the bottom of the heat blanketing envelope). Similar
conclusions have been made earlier for ordinary cooling neutron
stars with B < 10'3 G (Potekhin et al. 1997; Yakovlev & Pethick
2004 and references therein) as well as for strongly magnetized
cooling stars (e.g. Potekhin et al. 2003).

(2) The luminosity L° of the star with an accreted envelope
is insensitive to replacing all accreted hydrogen by helium (as in
ordinary neutron stars, see Potekhin et al. 1997). In particular, these
results can be used for taking into account rapid nuclear burning
of hydrogen and accumulation of helium in the outer part of the
envelope (e.g. Chang et al. 2004).

(3) The combined effect of a superstrong magnetic field and an
accreted envelope simplifies the interpretation of observations of
quasi-persistent thermal radiation from magnetars using our model.
We confirm the conclusion of Paper I that the our most favourable
models require the heat source to be located in the outer crust (at p
< 4 x 10" gecm™3). However, the presence of accreted envelopes
allows us to take lower heat intensities Hy ~ 10'° ergcm™ s~! and
place the heat layer slightly deeper in the stellar interior.

(4) In accordance with Paper I, in all our successful models (with
and without accreted envelopes), heating of the outer crust produces
a strongly non-uniform temperature distribution within the star. The
temperature in the heat layer exceeds 10° K, while the bottom of
the crust and the stellar core remain much colder. The outer crust is
thermally decoupled from the inner layers; thermal surface emission
is rather insensitive to the properties of the inner layers (such as
the EOS, neutrino emission, thermal conductivity, superfluidity of
baryons).

(5) The surface thermal luminosity is weakly affected by varia-
tions of the thermal conductivity in the outer crust below the heat
blanketing envelope. Therefore, the effects of the magnetic field on
the conductivity in the heat layer cannot greatly change the surface
luminosity. The thermal surface radiation is mainly regulated by the
heat source as well as by the magnetic field and chemical composi-
tion of the blanketing envelope. Nevertheless, our calculations can
be improved by a more careful treatment of heat transport in the
entire magnetized outer crust, at p > 10'°gcm™3, with different
magnetic field configurations (e.g. Geppert et al. 2006; Aguilera
et al. 2008a).

(6) Increasing the surface thermal emission of the star, which
has a relatively high heat intensity (H, ~ 10 ergcm™3s~') and
an accreted envelope, is even more efficient if the star is massive
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(and possesses, therefore, thinner and more heat transparent crust).
This effect is stronger than fast neutrino cooling due to direct Urca
process that can be allowed in the core of a massive star.

(7) The presence of an accreted envelope can raise the efficiency
of heat conversion into the surface radiation. It can become as
high as ~10 per cent (compared to a maximum of ~1 per cent for
Fe envelopes). This enables us to make our models more consistent
with the total energy budget of heat sources in a neutron star. Now,
we can reduce the total energy to EX ~ 10¥—10% erg (instead of

the previously assumed level of £ ~ 10¥—10% erg).

New observations as well as new models of magnetar atmo-
spheres are needed for more reliable interpretation of observations.
The physics of internal heating is still not clear; it should be elabo-
rated in the future.
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APPENDIX A Ty -Ts RELATION

In Tables A1-A3, we present the relations between the temperature
T, at the inner boundary of the blanketing envelope (p = py) and
the non-redshifted effective surface temperature 7. In addition,
we list the values of the outward radial heat flux Fy, at p = pp.
We assume no heat sources in the envelope and consider the Fe
envelope in the 1.4 M neutron star of radius R = 12.27 km with
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Table Al. Internal temperature 7} (K)
together with effective surface temper-
ature Ts (K) and internal outward heat
flux Fy (erg s~' cm™2) (either at the
magnetic pole or surface averaged, av)
for a 1.4Mg neutron star of radius
R = 12.27km with the Fe envelope at
By, = 10'2 G and pp = 100 gem 3.

lgeTy g7y lgky g7y gk
Pole Pole av av
6.8 538 1729 531 17.02
7.0 549 1773 542 1745
7.2 5.60 18.17 552 17.87
74 570 1858 5.62 18.27
7.6 5.80 1898 572 18.67
7.8 590 1937 582 19.07
8.0 6.00 19.77 592 1947
8.2 6.10 20.17 6.03 19.89
8.4 6.20 20.58 6.13  20.31
8.6 6.31 21.01 624 20.76
8.8 641 2146 636 21.27
9.0 6.51 22,10 647 22.02
9.2 6.61 2292 657 2290
9.4 6.68 23.67 6.65 23.67
9.6 6.74 2434 672 2434
9.8 6.79 2497 677 2497

Table A2. Same as in Table A1l but for

B, =101 G.
IgTy g7y gk, 1gTy 1gF
Pole  Pole av av

6.8 5.66 1844 558  18.09
7.0 574 1876 5.65 18.40
7.2 582 19.08 573 18.72
7.4 591 1940 581 19.04
7.6 599 1972 590 19.36
7.8 6.07 20.05 598 19.69
8.0 6.15 2039 6.06 20.04
8.2 6.24 2075 6.16 2041
8.4 634 21.16 626 20.83
8.6 6.46 21.61 638 21.30
8.8 6.58 2212 650 21.81
9.0 6.71 22.68 6.62 22.37
9.2 6.82 2336 6.73 23.04
9.4 690 24.10 6.81 23.77
9.6 696 2482 6.86 2447
9.8 698 2553 6.89 2521

Heating and cooling of magnetars 2267
Table A3. Same as in Table Al but for
pp=4x 10" gem™3.
lgeTy lgTyp lgky 1gTy gk
Pole Pole av av
6.8 5.37 1732 531 17.05
7.0 5.49 17.77 542 1749
7.2 5.59 1820 552 1791
74 5.70 18.61 5.62 1831
7.6 5.80 19.01 5.72  18.70
7.8 5.89 1940 582 19.10
8.0 5.99 19.80 592 19.50
8.2 6.09 20.20  6.02 1991
8.4 6.19 20.60 6.13  20.33
8.6 6.30 21.02  6.23  20.78
8.8 6.40 2153 634 2139
9.0 6.47 2246 643 2245
9.2 6.50 23.64 646 23.64
9.4 6.51 2476 646  24.77
9.6 6.51 25.67 646  25.67
9.8 6.51 26.41 646 2641
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the dipole magnetic field (B, = 10'> or 10" G at the magnetic
pole). We present local values of T and F}, at magnetic poles, as
well as surface-averaged values (denoted as ‘av’). Table Al refers
to B, = 10" G and p, = 10" gcm™, Table A3 to B, = 10" G
and p, = 10'°gem™, and Table A3 to B, = 10> G and pp, = 4
x 10" gcm™3. Fig. Al compares these T,—T relations. We see
that T saturates at T, > 10° K if py is placed at the bottom of

Figure Al. The surface-averaged effective temperature T (left vertical
axis, solid and dot—dashed lines) and the total heat flux Ly, through the
inner boundary of the Fe blanketing envelope (right vertical axis, dashed
and dotted lines) in the 1.4 M, star for pp = 1010 g cm3 (solid and dashed
lines) and pp = 4 x 10'" gecm™3 (dot-dashed and dotted lines), for B =
10'2 G (lower curve of each pair) and 105G (upper curves).

the outer crust, pp, = 4 x 10"! gcm_3, but it does not saturate at
lower p, = 10" gcm™. In the former case, the saturation occurs
because of the strong neutrino emission at p, > 10'°gcm™ and
high temperatures. We also plot the total outward heat flux through
the boundary of the blanketing envelope, L, in such a scale that
corresponding curves match the 7',—T s curves at low Ty,. Then, the
deviation of the T'; curves from the L, curves directly measures the
total energy loss due to neutrino emission in the blanketing envelope
(at p < py).
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